A model Ni-Bi system has been used to investigate intergranular penetration (IGP) phenomenon. All experiments have been done on Ni 26°<110> bicrystal at 700°C using bismuth vapour condensation as a source of liquid bismuth. Such a procedure results at room temperature in either partial or total Liquid Metal Induced Embrittlement (LMIE) of a unique grain boundary, depending on the duration of liquid Bi / solid Ni contact at 700°C. Auger Electron Spectrometry (AES) and Rutherford Backscattering Spectrometry (RBS) have been used to measure the Bi concentration profile between the source of liquid bismuth and the penetration front. Two zones have been clearly identified : the first one of almost constant Bi concentration called nanometrethick film which is interpreted in terms of Fowler-Guggenheim multi-layer segregation under local equilibrium conditions and the second one with a progressive decrease of Bi concentration over a distance of the order of 20-200µm. Such a long transition zone, together with parabolic diffusion kinetics indicates diffusion-based mechanism of intergranular penetration as opposed to the direct grain boundary wetting.
Introduction
Intergranular penetration (IGP) is the replacement of solid metal grain boundaries by a liquid metal that occurs without any applied stress and results in the formation of either micrometre-thick or nanometre-thick films [1] . Such a replacement is possible if the energy of solid metal grain boundaries is higher than the double of the solid metal / liquid metal interfacial energy [2] . This currently used definition describes only the result of the thermodynamic equilibrium and, consequently, there is no indication neither of the mechanism nor of the kinetics of this phenomenon. IGP might be critical in the long-term behaviour of a spallation target, where T-91 steel has to withstand the contact with liquid Pb-Bi eutectic alloy [3] . IGP can potentially lead to two modes of damage : first, liquid metal embrittlement (LME) at high temperature under simultaneous action of stress and liquid metal and, second, liquid metal induced embrittlement (LMIE) typically under the action of stress at room temperature when liquid metal has solidified. The prediction of the long-term behaviour of structural components under such conditions requires the knowledge of the mechanism of intergranular penetration. This is the main reason why we decided to study this phenomenon using a model solid Ni / liquid Bi system, in which IGP is known to occur at 700°C [4] . There are at least three advantages to use this model system : first IGP occurs in only a few hours (as compared to several months in systems of industrial interest), second, it results in LMIE and therefore gives access to the depth of embrittlement and finally it offers the possibility to analyse the bismuth composition profile on the fracture surface either by Auger Electron Spectrometry (AES) after "in situ" fracture or by Rutherford Backscattering Spectrometry (RBS) even after ex situ fractures. The main drawbacks are the existence of a peritectic transformation at 646°C and the significant volume diffusion above 750°C, both limiting the investigation of IGP to the temperature of 700°C. It has been previously shown that the direct contact between liquid Bi-rich alloy and solid Ni at 700°C results in the formation of short micrometre-thick films that replaces typical Mullins grooves [5] and ahead, long nanometre-thick films that have to be considered with respect to both LMIE and LME, because they result in similar degree of embrittlement and develop much faster than micrometre-thick films [6] . In particular, the precise evaluation of the bismuth concentration profile at the tip of this nanometre-thick film is critical with respect to the mechanism of IGP. The question which arises from this analysis is to know what is the characteristic distance where original pure grain boundary is replaced by a nanometre-thick film : is it of the order of some interatomic distances up to some nanometres ? or, on the contrary, is it a much longer distance of the order of several microns? While the former (very short transition) would be representative of a wettingbased mechanism [7] , the latter would clearly indicate the diffusion-based mechanism of IGP ? [8] . The purpose of this presentation is to provide new experimental data on the Ni-Bi system, concerning first, the bismuth transition profile as analysed by AES and RBS, second, the kinetics of IGP and finally, to discuss these results with respect to the possible mechanism of IGP.
Experimental conditions
Ni bicrystals with a general 26° symmetrical tilt grain boundary around [110] axis have been used. All bicrystals have been cut by spark erosion as approximately (1 to 2) x (2 to 3) x 18 mm 3 parallelepipeds and subsequently electrochemically polished in order to avoid any re-crystallization during subsequent heat treatments. All heat treatments were done at 700°C in presence of Bi vapours and, due to its high partial pressure, resulted in the deposition of a thin liquid Bi film. It has been previously shown that such a 10 nm thick film, as analysed by GDOS analysis, is equivalent to the action of a bulk Bi-rich liquid in equilibrium with Ni at 700°C [9] . Two bicrystals have been heat treated for 15min and 22min in order to obtain partial penetration, then introduced to the main chamber of the AES, "in situ" broken respectively by tensile test and by impact bending, and subsequently analysed on the as revealed fracture surfaces in order to access to the intergranular bismuth penetration profile. One additional bicrystal (1h at 700°C, slowly cooled to the room temperature) has been analysed by RBS spectrometry. Then a series of bicrystals have been treated for 0.5, 1, 1.5, 2 and 2.5 hours and subsequently tensile tested at room temperature in order to reveal the depth of embrittlement and in this way to access the kinetics of intergranular bismuth penetration. Additionally, a series of polycrystals have been heat-treated at 700°C for 0.25, 0.5, 1 and 2 hours in order to generalise the kinetics obtained on the 26° bicrystal. In the latter series, intergranular penetration depth was assimilated to the mean crack length as determined from the observation of longitudinal polished cross sections after 20% prestraining at room temperature.
Bismuth concentration profiles
The 26°<110> bicrystal heat treated without any applied stress for 15 min at 700°C has been broken at room temperature by tensile test within the main chamber of the AES. The resulting fracture ( Fig. 1) is the consequence of a partial intergranular penetration at 700°C. The outer brittle ring corresponds to the area penetrated by bismuth. The inner ductile part represents the behaviour of solid nickel unaffected by bismuth penetration. Fig. 2 presents the detail of the transition from the brittle region, which is flat and smooth (a), through the transition zone where micro-facetting was systematically present over a distance of the order of 100 µm (b), up to the ductile core (c). The width of the micro-facetted transition zone varied from 20 to 200 µm even along the same edge of the specimen. These general trends have been confirmed by the observation of the specimen after 22min heat treatment at 700°C.
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AES point-to-point analysis every 50 µm has been done along the AB line in Fig. 1 . At each point, AES spectra was recorded and analysed. Only Bi and Ni peaks were present. The amount of bismuth is represented by the Bi to Ni ratio, defined as the area of the 100 eV double Bi peak divided by the area of 845 eV single Ni peak [5] . This way of representation was chosen in order to insist on the relative change in the amount of Bi, especially in the transition zone (cf. Fig.2b ). Fig.1 ). The amount of bismuth is almost constant over a distance of approximately 250 µm and again between 850 and 950 µm, i.e. in two brittle regions (cf. Fig. 2a ) in the outer ring of the fracture surface. In the area corresponding to the ductile inner core of the specimen, between 400 and 600 µm, no bismuth was detected. The most important feature in this figure is the progressive decrease of the amount of bismuth between 250 and 400 µm and between 800 and 600 µm, both corresponding to the micro-facetted regions of the fracture surface. Once again similar evolution was observed on the 26°<110> bicrystal heat treated for 22min at 700°C. A clear correlation between the width of the micro-facetted region and the sharpness of the bismuth concentration profile was observed : the narrower the micro-facetted transition zone, the faster the decrease of the Bi to Ni ratio. Distance from the edge of the specimen Bi to Ni AES ratio . Fig. 3 . Evolution of the Bi to Ni intensities ratio along the line AB indicated in Fig.1 , as measured by AES on the 26°<110> bicrystal (15min, 700°C).
Microspot RBS with the spatial resolution of one micrometer has been used to measure the evolution of the amount of bismuth across a narrow transition zone in the specimen heat treated for 1h at 700°C and slowly cooled to room temperature (such a procedure activates sulphur segregation induced brittleness and, due to the substantial reduction in the micro-roughness, increases the accuracy of RBS analysis). A suitable transition zone has been localised after "ex-situ" fracture by SEM observations and subsequently, a 100 µm x 100 µm area was analysed by RBS. Fig. 4 represents a fragment of the fracture surface between the brittle outer region and the "ductile" inner core (in fact here partially brittle due to the sulphur segregation) together with (i) the black square, which marks the exact area analysed by RBS and (ii) the dotted white rectangle, which indicates the transition zone. Within this zone the absolute Bi signal was extracted from 10 µm wide vertical bands positioned every 10 or 5 µm and has allowed to give the evolution of the absolute amount of Bi as a function of the distance, as indicated in Fig. 5 . It clearly appears that the width of this "narrow" transition zone is in this case of the order of 30 µm. All AES and RBS analysis together with fractographic observations indicate that the width of the transition zone keeps within the range of 20 up to 200 µm. 
Kinetics of bismuth penetration
It is important to once again clearly distinguish between two phenomena : first, intergranular penetration which occurs at 700°C without any external stress and results in progressive incorporation of Bi atoms into Ni grain boundaries and second, liquid metal induced embrittlement (LMIE) which occurs at room temperature under the influence of external stress and results in the brittle intergranular fracture from external surface close to the tip of penetrating Bi atoms. In this study LMIE is only a way to reveal the depth of IGP. In order to measure the kinetics of intergranular penetration, we are going to associate the depth of Bi-induced intergranular embrittlement to the depth of intergranular penetration, because the length of a Bi tail at the very tip (ahead of brittle region) can be neglected as compared to the length of the overall embrittled area. The mean depth of embrittlement on Ni 26°<110> bicrystals as a function of square root of time of heat treatment under Bi vapours at 700°C is represented in Fig. 6 . Each pair of points, for a given time, corresponds to the penetration depth in the direction either parallel or perpendicular to the tilt axis of the bicrystal. In both cases straight lines have been obtained, which is indicative of parabolic penetration kinetics. Such a kinetics is typical of a C type diffusion in a classical Harrison classification [10] . In the present case it is compatible with a very limited solubility of Bi in solid Ni at 700°C (never specified on phase diagrams, therefore supposed to be lower than 10 ppm). Note also that the observed anisotropy (penetration faster in the perpendicular direction) is surprising with respect to the classical models of low-angle grain boundaries, yet it has been observed in the past on high-angle general grain boundaries, where fast diffusion pipes in the parallel direction are no longer efficient with respect to the grain boundary structure in the perpendicular direction [11] . The kinetics of intergranular penetration was also analysed on a series of Ni polycrystals. Fig. 7 represents mean crack length as a function of the square root of time of heat treatment under Bi vapours at 700°C. The important uncertainty in this series comes from a wide distribution of grain boundary types and orientations with respect to the tensile axis, which is typical for any polycrystalline material. Yet, Fig. 7 confirms the parabolic kinetics obtained from the rigorous analysis of a specific 26°<110> bicrystal (cf. Fig. 6 ).
Indications for a diffusion-based mechanism of IGP
The Bi concentration profile obtained in this study by two independent spectroscopic measurements (AES and RBS) and schematised in Fig. 8 , clearly indicates that the transition from the pure grain boundary (between points F and E in Fig. 8 ) to the grain boundary saturated with Bi atoms (B-A, in Fig. 8 ) occurs on the distance within the range 20-200µm (D-B in Fig. 8 ), after heat treatments up to one hour at 700°C. Such a long distance is incompatible with any IGP model based on direct grain boundary wetting, where the transition is supposed to occur on the distance of the order of some nanometres, i.e. four orders of magnitude less than in the present case. The area of almost constant Bi concentration (B-A, in Fig. 8 ) corresponds to the saturated grain boundary. The level of saturation was previously estimated from AES quantitative measurements to be within the range 2-3 nm [12] and consequently the existence of nanometre-thick films was postulated in the present system. The formation of such films can be explained on the basis of the Fowler-Guggenheim segregation isotherm together with local equilibrium between grain boundary concentration and very limited bulk Bi solubility, using the formalism proposed in the case of Cu-Bi system [13] . The commonly admitted view of grain boundary penetration is that this is a phenomenon which occurs in some specific systems within the range of temperatures where grain boundary energy is higher than twice the solid metal / liquid metal interfacial energy [14] . This phenomenon is supposed to occur on a very short distance [7, 15] with linear kinetics [16, 17] and often results in the formation of nanometre-thick films [5, 18, 19] . While nanometre-thick films were effectively observed in several systems, including Ni-Bi, the existence of such a long transition profile together with the parabolic kinetics measured on both bicrystals and polycrystals, indicate a diffusion-based mechanism for the intergranular penetration phenomenon. It appears from this study that the oversimplified view of IGP as direct replacement of initial grain boundary by a liquid metal film, occurs in reality by a two-steps process, first intergranular diffusion with a parabolic kinetics and second grain boundary saturation, which can be interpreted in terms of Fowler-Guggenheim multi-layer segregation resulting in the formation of nanometrethick intergranular films.
